For three or more fluid phases in thermodynamic equilibrium and in contact with a solid surface, the Young equation can be used to find relations between the contact angles for different pairs of fluids. For an n-fluid-phase system, n(n − 1)/2 contact angles can be defined, but there are (n − 1)(n − 2)/2 constraints between them, leaving only n − 1 independent values of the contact angle. These constraints are very powerful in limiting and determining possible types of wetting behavior. The consequences are discussed for three-and four-phase flow. They have important applications for the understanding of gas injection processes in petroleum reservoirs.
INTRODUCTION
σ si = σ s j + σ i j cos θ i j . [1] This equation relates a contact angle θ i j to the liquid/solid interfacial tensions. By convention, contact angles are measured through the denser phase. We define θ i j as being measured through phase j. In this paper, the Young equation is applied to situations where three or more fluid phases are present in thermodynamic equilibrium. This means that spreading and/or wetting films may be present at any liquid/solid or liquid/liquid interface (1) . By writing the horizontal force balance for every possible pair of fluids in contact, constraints between the values of contact angles can be derived. This has important consequences for defining the wetting behavior for three-and four-phase fluid systems. The implications are discussed with application to gas injection in petroleum reservoirs.
RESULTS AND DISCUSSION
Consider three fluid phases in thermodynamic equilibrium. Label the phases 1, 2, and 3. Phase 1 is least dense, phase 2 next least dense, and phase 3 the densest. Then from Eq. [1] there are three possible force balances: [2] σ s1 = σ s3 + σ 13 cos θ 13 [3] σ s2 = σ s3 + σ 23 cos θ 23 .
[4]
If we add [2] and [4] and subtract [3] , we find σ 13 cos θ 13 = σ 12 cos θ 12 + σ 23 cos θ 23 .
[5]
Equation [5] was derived by Zhou and Blunt (2) and ensures continuity of oil, water, and air saturation profiles for oil-phase pollutants floating on the water table. In 1927 Bartell and Osterhoff derived a similar equation in the context of solid/oil/water systems (3). Equation [5] has been used to define wettabilities during three-phase flow in porous media (4, 5) .
There is a constraint between the three contact angles. The physical reason for the constraint is as follows. Introducing a third phase (say, label 3) into a two-phase system introduces three new interfacial tensions: two fluid/fluid interfacial tensions σ 13 and σ 23 and a solid/fluid interfacial tension σ s3 . The Young equations [3] and [4] can be used to eliminate σ s3 while introducing two new contact angles: θ 13 and θ 23 . This leaves a redundancy in the number of parameters describing the system, and hence the contact angles are no longer independent.
This concept can be extended to any number of fluid phases in mutual equilibrium. Imagine that we have an (n − 1)-phase system and an nth phase is introduced. We now have n − 1 new fluid/fluid interfacial tensions (σ in for i = 1, n − 1) and one new solid/fluid interfacial tension (σ sn ). To eliminate σ sn , we define n − 1 new contact angles (θ in for i = 1, n − 1). This means that we have only one new independent contact angle and n−2 constraints. Summing up over all combinations of fluid phases, we define
contact angles with
constraints, giving only
independent contact angles. For instance, in four-phase systems, Eqs. [6] - [8] predict that there are six contact angles, only three of which are independent. To demonstrate this directly, in addition to [2] - [5] we have σ s1 = σ s4 + σ 14 cos θ 14 [9] σ s2 = σ s4 + σ 24 cos θ 24 [10] σ s3 = σ s4 + σ 34 cos θ 34 .
[11]
We obtain three new constraints (in addition to [5] ) from these equations constraints in total, leaving three independent contact angles, in accordance with Eq. [8] .
The derivation of these relations between contact angles is very simple, but they have a variety of implications for multiphase processes. Consider threephase systems, where we identified phase 1 as gas (air), phase 2 as oil, and phase 3 as water. In a water-wet system, where θ ow = θ 23 = 0, and where oil spreads on water (θ go = θ 12 = 0), Eq. [5] gives σ ow = σ gw − σ go , which is often used to estimate an interfacial tension between two liquids from the two surface tensions (1). During gas injection into oil reservoirs, three flowing phasesgas, oil, and water-are often present. The pore surfaces in many reservoirs are oil-wet, with values of θ ow close to π (6). In these cases, Eq. [5] reduces to σ gw cos θ gw = σ go cos θ go − σ ow . Under ambient conditions, typical oil/water interfacial tensions σ ow for water/n-alkane systems are around 50 mN/m, while σ go is approximately 20 mN/m (1). This means that cos θ gw is negative and θ gw > π/2. Under reservoir conditions, where the gas and oil are nearly miscible, σ go is very small (6) and σ gw becomes close to σ ow . This implies that θ gw ≈ π . Gas is nonwetting to water on an oil-wet surface. This result explains why oily surfaces (say on duck's feathers) are water repellent. However, in the petroleum industry it is generally assumed that gas is always the most nonwetting phase (7), implying that gas occupies the largest pore spaces, giving it a high relative permeability that is independent of the relative saturations of water and oil. In contrast, the analysis above suggests that while gas is nonwetting to oil, it is not the most nonwetting phase in the presence of water. With water present, gas no longer occupies all the largest pore spaces, leading to lower gas relative permeabilities than in the presence of oil. Recently this result has been confirmed experimentally (8) (9) (10) and is important in the design of oil recovery schemes where both gas and water are injected into the reservoir. Water reduces the effective mobility of gas, leading to a more stable and economically favorable displacement process. As the oil and gas approach miscibility, the gas becomes completely wetting to water.
Low-temperature oil reservoirs may contain two hydrocarbon phases. During injection of a gas, such as carbon dioxide, four mobile phases may be present (11): a vapor phase containing principally CO 2 ; a CO 2 -rich liquid phase containing lighter components of the original oil dissolved in it; an oil-rich liquid phase containing dissolved CO 2 ; and water. An example is the Shrader Bluff field on the North Slope of Alaska (12) . This field contains 2 billion barrels of a heavy oil (3 × 10 8 m 3 ). CO 2 flooding is planned in order to boost oil recovery and to reduce emissions from facilities operating neighboring fields. Under low-pressure injection, four fluid phases may be present in the reservoir. Label phase 1 as vapor, phases 2 and 3 as the nonaqueous liquid phases, and phase 4 as water. The magnitudes of the interfacial tensions are σ 14 > σ 34 ≈ σ 24 σ 12 ≈ σ 13 σ 23 (11) . For a strongly oil-wet system (cos θ 24 = cos θ 34 = −1), Eqs. [12] and [13] give σ 14 cos θ 14 ≈ −σ 24 ≈ −σ 34 . As before, vapor is less wetting than water (θ 14 > π/2). The surface interactions are defined by three independent contact angles: a vapor/oil contact angle (θ 12 or θ 13 ), an oil/water contact angle (θ 24 or θ 34 ), and the contact angle between the two nonaqueous liquid phases (θ 23 ). The other contact angles can then be derived from them using Eqs. [5] , [12] , and [13].
SUMMARY
When three or more phases are in thermodynamic equilibrium and in contact with a solid surface, the contact angles between the phases are not all independent. In three-phase systems, although three contact angles can be defined, only two of them are independent. In four-phase systems, six contact angles can be defined, but only three are independent. These constraints have important consequences in determining the wettability of multiphase systems. It is shown that in oil-wet systems, gas is wetting to water, with complete wetting in the limit of gas/oil miscibility. Some low-temperature oil reservoirs may contain two liquid hydrocarbon phases, and during gas injection four phases may be present. In these circumstances the wettability of the system is defined by a vapor/oil contact angle, an oil/water contact angle, and the contact angle between the two nonaqueous liquid phases.
